The present standard of care for hepatitis C virus (HCV) infection is pegylated alpha interferon (IFN-␣) in combination with ribavirin. However, specific antivirals such as HCV NS3-NS4A protease inhibitors are now in clinical development, and these agents can potentially be used in combination with the present treatments. Therefore, it is important to investigate the potential benefits or adverse effects of these new combinations by using available in vitro HCV culture systems first. In the present study we demonstrate that the combination of a specific HCV NS3-NS4A protease inhibitor and IFN-␣ synergistically inhibits HCV RNA replication in replicon cells, with little or no increase in cytotoxicity. Furthermore, the benefit of the combination was sustained over time, such that a greater than 3-log reduction in HCV RNA levels was achieved following 9 days of treatment. The viral RNA appeared to be cleared from the replicon cells after 14 days of treatment, and no viral RNA rebound was observed upon withdrawal of the inhibitors. In each case, the antiviral effects obtained with higher concentrations of either the protease inhibitor alone or IFN-␣ alone can be achieved by a combination of both agents at lower concentrations, which may potentially reduce the risk of possible adverse effects associated with high doses of either agent.
Despite the recent improvement in hepatitis C treatment with the introduction of pegylated interferon alpha (IFN-␣) plus ribavirin, chronic hepatitis C continues to present a serious health challenge that affects 170 million people worldwide, including 4 million people in the United States and 8 million people in Europe and Japan (30) . Treatment with pegylated IFN-␣ plus ribavirin results in a sustained viral response in less than 50% of the patients infected with hepatitis C virus (HCV) genotype 1, which is more difficult to treat; and the majority of patients in the United States, Europe, and Japan are infected with genotype 1. Therefore, new and better treatments for hepatitis C are much needed.
HCV has a 9.6-kb plus-strand RNA genome that encodes a polyprotein precursor of about 3,000 amino acids which is processed proteolytically upon translation by both cellular and viral proteases to 10 individual proteins: C, E1, E2, p7, NS2, NS3, NS4A, NS4B, NS5A, and NS5B (for a review, see reference 23). Recently, an additional protein, F/ARFP, of unknown function was identified. F/ARFP is encoded by an alternative open reading frame overlapping with the core (C) protein-coding sequence (34) (35) (36) . Two of the nonstructural (NS) proteins, NS5B and NS3, are the most characterized. NS5B is the viral RNA-dependent RNA polymerase. NS3 comprises an N-terminal protease domain of 181 amino acids and a C-terminal helicase domain. The serine protease activity of NS3 in complex with the NS4A cofactor is responsible for the proteolytic cleavage at four junctions of the HCV polyprotein precursor: NS3-NS4A (self-cleavage), NS4A-NS4B, NS4B-NS5A, and NS5A-NS5B (2, 9, 10, 13, 22, 31, 33) . The NS3-NS4A protease has been an attractive target in the development of new antivirals with activities against HCV (for a review, see references 5 and 28) since it is essential for viral replication (16) . Recently, a proof-of-concept clinical study (18) demonstrated the antiviral efficacy of a potent HCV NS3-NS4A protease inhibitor in hepatitis C patients.
With new, specific antivirals on the horizon, the treatment options for HCV are likely to expand. The use of combinations of antiviral agents with different mechanisms of action is likely to be an important strategy to increase antiviral potency, to reduce the toxicities associated with individual agents, and to suppress viral resistance. Therefore, it is important to explore the feasibility and potential benefit of combination therapy with new anti-HCV agents. Although the ultimate test for any new treatment is the demonstration of clinical efficacy and safety, given the high cost and limited number of clinical studies that can be performed, it would be very helpful to investigate potential drug-drug combinations in vitro beforehand. Although a robust, reliable infectious cell culture system is not available for HCV, the discovery of a subgenomic HCV replicon (25) and the subsequent optimization of the system (3, 17, 24) have greatly facilitated the evaluation of antiviral activities of new anti-HCV drug candidates. It has been reported that HCV RNA replication in replicon cells can be inhibited by either IFN-␣ (3, 8, 12) or NS3-NS4A protease inhibitors (21, 27 ). Here we report on a quantitative analysis of the effects of the combination of a specific HCV NS3-NS4A protease inhibitor and IFN-␣ on the HCV replicon in replicon cells. We demonstrate that these two agents act synergistically to inhibit the replication of the HCV replicon RNA. The benefit of the combination treatment was sustained over time, reduced HCV replicon RNA levels by more than 4 orders of magnitude after up to 14 days of treatment, and prevented a rebound of the HCV replicon in cells.
MATERIALS AND METHODS
Compounds. Protease inhibitor 1 (PI-1) (Fig. 1 ) was synthesized by Vertex Pharmaceuticals Inc. (Cambridge, Mass.), dissolved in dimethyl sulfoxide (DMSO) as a 20 mM solution, and stored at Ϫ20°C. Human recombinant IFN-␣ was purchased from Calbiochem (La Jolla, Calif.) and was stored at Ϫ70°C. Ribavirin was obtained from Sigma (St. Louis, Mo.), dissolved in DMSO as a 500 mM solution, and stored at Ϫ20°C.
Generation of HCV replicon cells. Parental Huh-7 cells were cultured in Dulbecco's modified Eagle's medium (DMEM; JRH Biosciences, Lenexa, Kans.) containing 10% heat-inactivated fetal bovine serum (⌬FBS; JRH Biosciences), 2 mM L-glutamine, and nonessential amino acids (JRH Biosciences). The cells were transfected with an in vitro-transcribed subgenomic HCV replicon RNA whose sequence was identical to that of the I 377 neo/NS3-3Ј/wt replicon described by Lohmann et al. (25) . Stable cells containing the self-replicating HCV replicon were selected and maintained in the presence of 250 g of G418 (Invitrogen, Carlsbad, Calif.) per ml and were used for HCV replicon assays.
Two-day HCV replicon assay. HCV replicon cells were plated in a 96-well plate at a density of 10 4 cells per well in DMEM with 10% ⌬FBS. On the following day (ϳ16 h later), the culture medium was replaced with DMEM containing either no compound as a control or compounds serially diluted in the presence of 2% ⌬FBS and 0.5% DMSO. After the cells were incubated with the compounds for 48 h, the intracellular RNA was extracted with an RNeasy 96 kit (Qiagen, Valencia, Calif.). The level of HCV RNA, both the positive strand and the negative strand, was determined by a real-time multiplex quantitative reverse transcription-PCR (RT-PCR) assay (the Taqman assay) with a pair of HCVspecific primers (5Ј-CCA TGA ATC ACT CCC CTG TG-3Ј and 5Ј-CCG GTC GTC CTG GCA ATT C-3Ј), an HCV-specific probe (5Ј-6-FAM-CCT GGA GGC TGC ACG ACA CTC A-TAMRA-3Ј, where FAM is 6-carboxyfluorescein and TAMRA is 6-carboxytetramethylrhodamine), and an ABI Prism 7700 sequence detection system (Applied Biosystems, Foster City, Calif.). In each experiment, each datum point represents the average of five replicates in cell culture. The IC 50 was defined as the concentration of compound at which the HCV RNA level in the replicon cells was reduced by 50%. To monitor any cytotoxic effect, the viabilities of the replicon cells following 48 h of treatment with compound were determined by using a tetrazolium compound (3- 
)-based assay (CellTiter 96 AQueous One Solution Cell Proliferation Assay; Promega, Madison, Wis.). The CC 50 was defined as the concentration of the compound at which cell viability was reduced by 50%.
Synergy and antagonism analysis. The effects of drug-drug combinations were evaluated in two different mathematical models, the Bliss independence model and the Loewe additivity model, which have distinct definitions of a theoretical additive effect, synergy (a greater than additive effect), or antagonism (a less than additive effect) (11) .
For the Bliss independence model, the experimental data were analyzed by using MacSynergy, a three-dimensional analytical method developed by Prichard and Shipman (29) . In this model, the theoretical additive effect is calculated from the dose-response curves of individual compounds by the equation Z ϭ X ϩ Y(1 Ϫ X), where X and Y represent the inhibition produced by drug 1 alone and drug 2 alone, respectively, and Z represents the effect produced by the combination of drug 1 and drug 2. The theoretical additive surface is subtracted from the actual experimental surface, resulting in a surface that would appear as a horizontal plane at 0% inhibition if the combination were merely additive. Any peak above this plane would indicate synergy, whereas any depression below it would indicate antagonism. The 95% confidence intervals for the experimental dose-response surface are used to evaluate the data statistically. The volume of the peak or depression is calculated to quantify the overall synergy or antagonism produced.
For the Loewe additivity model, the experimental data were analyzed by using CalcuSyn (Biosoft, Ferguson, Mo.), a computer program based on the method of Chou and Talalay (4) . Briefly, the dose-effect curves for each drug or drug combination were converted to median-effect plots with the program. Then, a combination index (CI) value for each experimental combination was calculated on the basis of the following equation:
, where (D x ) 1 and (D x ) 2 are the doses of drug 1 and drug 2 that have x effect when each drug is used alone, respectively, and (D) 1 and (D) 2 are the doses of drug 1 and drug 2 that have the same x effect when they are used in combination, respectively. CI values of Ͻ1, 1, and Ͼ1 indicate synergy, an additive effect, and antagonism, respectively.
Nine-day HCV replicon assay. HCV replicon cells were plated at a very low density of 500 cells per well in a 96-well plate so that the cells would not reach confluence during 9 days in culture. Compounds were serially diluted in DMEM containing 10% ⌬FBS and 0.2% DMSO in the absence of G418. Fresh medium and compounds were added to the cells every 3 days. After the cells were treated with antiviral compounds for 3, 6, or 9 days, the number of cells in each well was determined by the tetrazolium compound (MTS)-based assay with an established standard curve. The level of HCV RNA in the cells was determined by quantitative RT-PCR (Taqman), as described above for the 2-day replicon assay. The copy number of HCV replicon RNA per cell was calculated for cells treated with compound and compared to that for control cells treated with 0.2% DMSO in medium.
HCV replicon clearance and rebound study. HCV replicon cells were plated in a six-well tissue culture plate at a density of 2 ϫ 10 5 cells per well. Compounds were serially diluted in DMEM containing 10% ⌬FBS and 0.2% DMSO in the absence of G418. The cells were split every 3 to 4 days and placed into fresh medium with compound or 0.2% DMSO (no-compound control) before they reached confluence, while a cell sample was harvested. After 14 days of treatment, the medium with compound was removed and the cells were washed three times before they were split and placed into fresh medium containing 10% ⌬FBS and 250 g of G418 per ml but no antiviral compound. G418 was added to the culture to enrich the cells from which the HCV replicon had not been completely cleared. During the 3 weeks after the antiviral compound was removed, cell samples were taken whenever the cells reached about 80% confluence and were split and placed into fresh medium containing 250 g of G418 per ml. For all the samples taken, the number of live cells in each sample was determined by a ViaCount assay (Guava Technologies, Hayward, Calif.). The level of HCV RNA in the cells was determined by the quantitative RT-PCR (Taqman), as described above for the 2-day replicon assay, and then the copy number of HCV replicon RNA per cell in each sample was calculated.
RESULTS
PI-1, a potent HCV NS3-NS4A protease inhibitor, reduces the level of HCV replicon RNA in a dose-dependent manner. PI-1 ( Fig. 1 ) is a competitive, reversible, peptidomimetic inhibitor of HCV NS3-NS4A protease with a K i of 8 nM against the NS3 serine protease domain in the presence of an NS4A peptide (1, 6) . The antiviral activity of PI-1 was examined in HCV replicon cells, in which inhibition of NS3-NS4A protease is expected to lead to inhibition of viral RNA replication and, subsequently, a reduction in the total level of HCV replicon RNA in the cells. As shown in Fig. 2A , there was a dosedependent reduction of replicon RNA in cells treated with PI-1. The average IC 50 of PI-1 following 48 h of treatment was calculated to be 68 nM from three independent experiments. No significant cytotoxicity, as determined by the MTS-based cell viability assay, was observed with up to 10 M PI-1 after 48 h of treatment, and the CC 50 for HCV replicon cells was greater than 50 M (data not shown). As shown in Fig. 2B , IFN-␣ also inhibited the HCV replicon in a dose-dependent manner, with an IC 50 of 6.55 U/ml, and no significant cytotoxicity was observed with up to 1,000 U of IFN-␣ per ml. The typical IC 50 of IFN-␣ in this assay ranged from 1 to 10 U/ml in several independent experiments (data not shown). 
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Combination of an NS3-NS4A protease inhibitor with IFN-␣ results in a synergistic reduction in HCV replicon RNA levels. The present standard of care for the treatment of HCV infection is the combination of pegylated IFN-␣ and ribavirin, which significantly improves the sustained viral response rate compared to that achieved with IFN-␣ monotherapy. However, ribavirin itself does not exhibit a strong antiviral effect when it is administered as monotherapy, and its potency in the HCV replicon assay is poor (IC 50 Ͼ 20 M; data not shown). Therefore, in this study we chose to investigate the combination of IFN-␣ and an HCV NS3-NS4A protease inhibitor for its direct antiviral activity. HCV replicon cells were treated for 48 h with various concentrations of PI-1, IFN-␣, or the two in combination. As shown in Fig. 3A , at any given concentration of PI-1, the addition of IFN-␣ led to a further decrease in HCV replicon RNA levels in a dose-dependent manner. Similarly, at any given concentration of IFN-␣, there was a dose-dependent decrease in HCV replicon RNA levels when PI-1 was added. In other words, the combination of the HCV NS3-NS4A protease inhibitor and IFN-␣ always resulted in a greater reduction in the level of HCV RNA compared to that achieved by each agent alone. It is important that there was little or no increase in cytotoxicity when PI-1 and IFN-␣ were used together. In fact, none of the treatments reduced cell viability by more than 6% (Fig. 3B) .
Next, we wanted to address whether the activity of the combination of PI-1 and IFN-␣ was synergistic or simply additive. The data shown in Fig. 3A were analyzed in both the Bliss independence and the Loewe additivity models (11) .
For the Bliss independence model, the experimental data were analyzed by use of a computer program, MacSynergy (29) . The theoretical additive effect of any given combination of PI-1 and IFN-␣ was calculated from the dose-response curve of a single agent alone, either PI-1 or IFN-␣, by the equation described in Materials and Methods. The calculated theoretical additive effect was subtracted from the actual experimental effect shown in Fig. 3A , and only the statistically significant (95% confidence interval) difference between the two was plotted in Fig. 4 . If the combination were merely additive, the resulting surface in the plot shown in Fig. 4 would appear as a horizontal plane at the zero value. Any peak above the zero plane indicates more than an additive effect, namely, synergy, whereas any depression below the zero plane indicates a less than additive effect, namely, antagonism. As shown in Fig. 4 , the combination of PI-1 and IFN-␣ was synergistic. The total log volume of the synergy was calculated to be 6, which is considered moderate synergy, according to the guidelines of the program.
For the Loewe additivity model, the experimental data were analyzed by use of a computer program, CalcuSyn (4). In this model, the antiviral effects produced by the combination of PI-1 and IFN-␣ at various fixed ratios of concentrations were compared to those produced by PI-1 or IFN-␣ alone. As an example, the results of a detailed analysis of the combination of PI-1 (in nanomolar) and IFN-␣ (in units per milliliter) at a fixed ratio of 6:1 are shown in Fig. 5 . The analysis can be presented as a traditional isobologram (Fig. 5A) , in which the lines represent the effective doses (EDs) of the two agents that would be needed to achieve 50, 75, or 90% inhibition if the combination was simply additive. As shown by the datum points in Fig. 5A , the actual experimental doses needed to achieve these effects are less than the expected doses, indicating synergy. In order to further quantify the combination effect, the CI value was calculated for each experimental combination and plotted in Fig. 5B , in which a CI value of less than 1 indicates synergy. As shown in Table 1 , the combination of PI-1 and IFN-␣ at three different ratios was analyzed by this method, and at all three ratios the combination showed moderate synergy, according to the guidelines of the program.
Combination of an NS3-NS4A protease inhibitor and IFN-␣ facilitates multilog reductions in HCV replicon RNA levels. To investigate whether the enhanced antiviral effect of PI-1 and IFN-␣ in combination can be sustained over time and whether multiple logarithms of viral RNA reduction can be achieved, we treated the cells with PI-1, IFN-␣, or ribavirin alone or with the combination of IFN-␣ and either PI-1 or ribavirin for 3, 6, or 9 consecutive days and measured the amount of HCV replicon RNA remaining in the cells. As shown in Fig. 6A , there was a time-dependent decrease in the level of HCV replicon RNA following treatment with the various agents. After 9 days of treatment, 0.3 M PI-1 or 10 U of IFN-␣ per ml each reduced the level of HCV replicon RNA by ϳ1 log, whereas the combination of the two agents together resulted in a greater reduction (2. concentration of the compound that could be tested in this assay without significantly affecting cell viability. When 20 M ribavirin was combined with 10 U of IFN-␣ per ml, a 1.7-log decrease in the HCV RNA level was induced, which was more than the effect achieved with IFN-␣ alone but less than that achieved with PI-1 and IFN-␣ in combination. Another comparison of combination and single treatments is shown in Fig.  6B , in which 0.6 M PI-1 alone and 10 U of IFN-␣ per ml alone caused 2.0-and 1.1-log decreases in the level of HCV replicon RNA after 9 days of treatment, respectively. Combination of the two treatments resulted in a 3.6-log reduction in HCV RNA levels. Treatment with each compound alone would require higher concentrations of either PI-1 (3 M) or IFN-␣ (250 U/ml) to achieve the same degree of inhibition. Combination of an NS3-NS4A protease inhibitor and IFN-␣ clears HCV RNA from replicon cells and prevents viral RNA rebound after withdrawal of treatment. The goal of anti-HCV therapy is to completely eradicate the virus and to prevent a rebound after the termination of treatment, also known as a sustained viral response. We developed a method to model antiviral therapy in HCV replicon cells by identifying the antiviral agents and the conditions which could completely remove HCV RNA from the replicon cells (after a Ͼ4-log drop) and test for rebound after the antiviral compounds are withdrawn. As shown in Fig. 7 , HCV replicon cells were treated with PI-1, IFN-␣, or ribavirin alone or the combination of IFN-␣ and either PI-1 or ribavirin for 14 days in the absence of G418. The cells grew normally and were split every 3 or 4 days and placed into fresh medium with inhibitors before they reached confluence. A sample was taken at the same time to determine the level of HCV RNA remaining in the cells. In control cells treated with 0.2% DMSO, the HCV RNA level remained stable for 14 days in the absence of G418. After 14 days of treatment, only a 0.5-log drop in the level of HCV replicon RNA was observed with 20 M ribavirin alone, 50 U of IFN-␣ per ml reduced the HCV RNA level by ϳ1 log, and the combination of the two reduced the HCV RNA level by 1.5 logs. A 2.5-log reduction in the HCV RNA level was observed when cells were treated with 0.6 M PI-1 alone for 14 days. In contrast, the combination of 0.6 M PI-1 and 50 U of IFN-␣ per ml resulted in a ϳ4.5-log reduction in the HCV RNA level, which was similar to that of 3 M PI-1 alone and which was better than that of 250 U of IFN-␣ per ml alone (ϳ3-log drop). The level of HCV RNA remaining after an ϳ4.5-log reduction was close to the detection limit of our quantitative RT-PCR assay. The signal may simply represent a background of degraded HCV RNA rather than viable replicons capable of replicating in cells. In other words, functional HCV replicon may already have been cleared from the cells, even though an extremely small amount of residual HCV RNA was detected. In order to test this hypothesis, we performed a rebound experiment in which the inhibitors were withdrawn from the culture medium on day 14. Unlike a viral infection system, the HCV replicon is a stable cell line maintained under G418 selection, which enriches the population of replicon-positive cells over that of replicon-negative cells. Therefore, when the inhibitors were withdrawn, 250 g G418 per ml was added back to the culture medium in order to expand any cell from which viable HCV replicon RNA had not been completely cleared. The cells were cultured for three additional weeks in the presence of G418, during which the cells were split whenever they reached 80% confluence and a cell sample was taken at the same time. Cells that had completely lost the HCV replicon died between 10 and 14 days in the presence of 250 g of G418 per ml, just like the parental Huh-7 cells. The levels of HCV replicon RNA in cells treated with 20 M ribavirin alone, 50 U of IFN-␣ per ml alone, or the combination of both compounds rebounded to the same levels as the control cells within 2 weeks after the withdrawal of the inhibitors. The levels FIG. 4 . Analysis of the combination of PI-1 and IFN-␣ by use of the Bliss independence model. A three-dimensional graph was used to illustrate the difference between the experimental effect and the theoretical additive effect for each combination. The predicted theoretical additive effect was calculated by using the MacSynergy program, as described in Materials and Methods, and was subtracted from the experimental effect (shown in Fig. 3A) , and then the difference between the two effects was plotted in the graph shown here. The zero plane (the gray plane) across the z axis represents the theoretical additive effect, a positive value displayed as a peak above the plane (the height is correlated with increasing grayness) indicates synergy, and a negative value shown as a valley below the plane indicates antagonism. Each experimental datum point represents the average of six cell culture replicates, and 95% confidence intervals were used to evaluate the data. Fig. 3A were also analyzed by using CalcuSyn program and are presented as a traditional isobologram, in which the lines represent the EDs of the two drugs required to achieve 50, 75, or 90% inhibition if the effects of the two compounds were simply additive. The dots are the actual experimental doses used to achieve those effects. (B) The CI can be calculated for each combination, as described in the Materials and Methods, and is plotted as the solid line versus the percent inhibition (i.e., the fractional effect). The 95% confidence intervals (1.96 standard deviations) of the CI are shown as two curved dotted lines. The theoretic additive effect (CI ϭ 1) is represented by a straight dotted line. of HCV replicon RNA also rebounded to the original level after 3 weeks in cells treated with 0.6 M PI-1 or 250 U of IFN-␣ per ml. In contrast, no HCV replicon cells were recovered after the 3-week incubation with G418 from cells treated with the combination of 0.6 M PI-1 and 50 U of IFN-␣ per ml or from cells treated with 3 M PI-1, suggesting that any viable HCV replicon RNA had been completely cleared from these treated cells.
DISCUSSION
With novel, specific therapeutics against HCV such as NS3-NS4A protease inhibitors on the horizon, it is important to try to evaluate the potential benefits or adverse effects of the new agents in combination with the present standard of care, namely, pegylated IFN-␣ plus ribavirin. In this study, we used a specific inhibitor of HCV NS3-NS4A protease, PI-1, to in- vestigate the antiviral effect of PI-1 alone or PI-1 in combination with IFN-␣ in a subgenomic HCV replicon system. We demonstrated that treatment with the combination of the two agents resulted in moderate but significant synergy in reducing the HCV RNA levels in the replicon cells, with little or no increase in cytotoxicity.
In analysis of drug-drug combinations, the definition of theoretical additivity is critical so that a statistical analysis of the actual effect of a combination can reveal synergistic (greater than additive) or antagonistic (less than additive) effects. The Bliss independence model is based on statistical probability, which assumes that the two drugs should affect viral replication independently. The Loewe additivity model is based on dose addition, which assumes that the two drugs should be indistinguishable from each other; i.e., the effect is the same as adding one drug to itself (11). It is not unusual for different or even contradictory conclusions to be reported in the literature for the same drug-drug combination because different models were used. Therefore, rather than being biased toward one theory over the other, we analyzed our data with two different programs representing the two main models. We used one analysis to corroborate the other to confirm the synergistic effects of PI-1 and IFN-␣.
The goal of antiviral treatment in patients is eradication of the virus with no relapse upon withdrawal of treatment. In contrast, the most common in vitro measurement of antiviral activity is the IC 50 or the IC 90 assay, which measures a two-or a ninefold drop in the viral RNA level, respectively, over a short period of time. In an attempt to establish a more relevant in vitro assay, we increased the length of treatment of replicon cells to 9 days and examined the effect on HCV RNA reduction. The combination of a relatively low concentration of the PI-1 protease inhibitor and a low concentration of IFN-␣ resulted in a greater than 3-log reduction in HCV replicon RNA levels, which can be achieved only with higher concentrations of PI-1 or IFN-␣ alone. It was difficult to quantitatively assess whether the result of the combination was synergistic or additive because of the small number of combinations and the high degree of variability of the assay compared to that of the 2-day assay. Nonetheless, on the basis of the findings with the Bliss independence model, the observed effect of the PI-1 and IFN-␣ combination in the 9-day assay (a 3.6-log decrease in HCV RNA level) slightly exceeded the expected additive effect (3.1-log drop) of PI-1 alone (2.0-log drop) plus IFN-␣ alone (1.1-log drop), although this analysis is not statistically significant due to assay variability and sample size. Finally, the sustained antiviral effect and the benefit of combination treatments were further demonstrated in the HCV replicon rebound study, in which the inhibitors were withdrawn after 2 weeks of treatment. A caveat of the replicon system is that it required the addition of G418 to help amplify HCV replicon cells and facilitate the rebound process. Nonetheless, under the same experimental conditions, the advantage of the combination treatment over single treatments was apparent, in that lower concentrations of PI-1 and IFN-␣ in combination were able to clear the HCV replicon RNA and to prevent rebound compared to the concentration of either agent alone required to achieve the same results. Therefore, all of the studies described above present a potential strategy for the use of two agents in combination to achieve a similar or better antiviral FIG. 7 . Rebound of HCV replicon after a 14-day treatment with PI-1, IFN-␣, or ribavirin. HCV replicon cells were treated with PI-1, IFN-␣, or ribavirin alone or the combination of IFN-␣ and either PI-1 or ribavirin in the absence of G418. After 14 days of treatment, the compounds were withdrawn and 250 g of G418 per ml was added to enrich the remaining HCV replicon-positive cells that are capable of growing in the presence of G418 (rebound). The cultures were monitored for another 21 days in the presence of G418, and cell samples were collected whenever the cell monolayer reached confluence. The cell number was determined by the Guava ViaCount assay, as described in the Materials and Methods, and the level of HCV RNA in the cells was determined by the quantitative RT-PCR assay. The absolute numbers of HCV replicon RNA copies per viable cell are shown. A recent published study demonstrated that the combination of type I (␣ and ␤) and type II (␥) IFNs can lead to synergistic inhibition of HCV RNA in replicon cells (19) . Another study suggested that the combination of an HCV NS5B polymerase inhibitor and IFN-␣ also results in synergy in the inhibition of viral RNA replication (14) . This is the first report of a thorough and quantitative analysis that demonstrates that the combination of a specific, small-molecule inhibitor of HCV NS3-NS4A protease and IFN-␣ is synergistic in reducing HCV RNA levels in vitro. Our results suggest that a combination therapy consisting of an HCV NS3-NS4A protease inhibitor and IFN-␣ could potentially have a better antiviral effect than that achieved with the present standard of care for hepatitis C. With many new inhibitors with different mechanisms being developed for the treatment of HCV infections, we proposed that various combinations of these agents should be evaluated in vitro using a similar process, as described in this paper. There are also limitations in interpreting the results of in vitro experiments. For example, the concentrations of drugs used in this study were selected according to their relative potency in the HCV replicon system and may not reflect clinically relevant doses. Also, the effects of the drugs in vivo will be affected by many other factors, such as the physical properties and pharmacokinetics of the drugs. In addition, agents such as IFN-␣ and ribavirin could exert indirect antiviral activities, such as immunomodulatory effects, that are absent in the in vitro system (15, 20, 26, 32) . It remains to be determined whether the synergy observed between HCV protease inhibitors and IFN-␣ in vitro can ultimately be translated into clinical efficacy.
Another important reason for combining antiviral agents is to suppress the emergence of viral resistance. In the case of human immunodeficiency virus, monotherapy has been shown to be ineffective, largely due to the rapid emergence of resistant variants. It was not until the introduction of cocktail therapies, i.e., the use of combinations of agents with different mechanisms of action, that sustained suppression of viral replication and resistance could be achieved. In the case of HCV, specific mutations that result in resistance to new antivirals, such as protease or polymerase inhibitors, are likely to emerge, given the high mutation rate of the virus. Therefore, it remains to be evaluated both in vitro and in vivo whether the combination of different anti-HCV drugs can help to prevent or suppress the emergence of resistance.
In summary, we have demonstrated in HCV replicon cells a synergistic antiviral effect between two agents with different mechanisms of action: an HCV protease inhibitor, PI-1, and a cytokine, IFN-␣. Interestingly, a recent study revealed a specific mechanism that HCV may use to circumvent the host immune response and presented a potential link between the HCV protease and the IFN pathway (7). Foy et al. (7) reported that the HCV NS3-NS4A protease can effectively block the activation of IFN regulatory factor 3 (IRF-3), a key transcription factor that is required for type I IFN synthesis. Moreover, a specific HCV protease inhibitor was able to restore the responsiveness of the IRF-3 pathway. The synergistic effect observed here could also be related to the modulation of cytokine production and the cytokine response by PI-1 and IFN-␣, the exact mechanism of which remains to be elucidated. Nonetheless, these findings all support the notion that specific HCV protease inhibitors can be used to restore or enhance the effectiveness of IFN therapy. It is hoped that the introduction of HCV protease inhibitors in the clinic, either alone or in combination with IFN-␣, will provide better treatment regimens for hepatitis C patients.
